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This work pres ents the re sults of an in ves ti ga tion un der taken to de ter mine the level of nat u ral 
ra dio ac tiv ity in the tra di tional build ing ma te ri als used for me di eval in door vaulted con struc -
tions in the ter ri tory of the cen tral Bal kan re gion. In door ra di a tion ex po sure var ies ap pre cia -
bly if it co mes from the earth build ing ma te ri als, hence the pres ence of nat u ral ra dio iso topes
of 226Ra, 232Th, and 40K in ma sonry vaulted con struc tions was an a lyzed us ing gamma ray
spec trom e try. In ad di tion, the in ter nal health haz ard in dex, the ab sorbed dose rates and the
ef fec tive an nual doses were cal cu lated. The re sults were then com pared both with the re -
ported data from the pre vi ous stud ies con cern ing the ter ri tory of the Bal kan Pen in sula, as
well as with the world wide val ues for the ma te ri als of his toric build ings. The re sults ob tained
from the ma te ri als ex am ined in this pa per all showed the ra dio ac tiv ity lev els be low the max i -
mum per mit ted val ues.
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IN TRO DUC TION
The use of earth ma te ri als is wide spread within
the tra di tional Bal kan ar chi tec ture. As most of these
ma te ri als have been rec og nized as eco log i cally
friendly, their role is in creas ing also in mod ern ar chi -
tec ture, which tends to be in equi lib rium with en ergy
ef fi ciency. The im ple men ta tion of tra di tional ma te ri -
als in the old build ings (of which a large num ber of ex -
am ples sur vives in the old Bal kan ar chi tec ture) is ex -
tremely im por tant for the ex is tence of the tra di tional
vaulted struc tures. Un like façade walls, vaulted struc -
tures do not have a con tact with the out side air due to
roof cov er ing con struc tions.
Tra di tional build ing ma te ri als (of nat u ral or i gin)
re flect the geo log i cal com po si tion they are de rived
from. Most of build ing ma te ri als are of a nat u ral or i gin
con tain ing vary ing amounts of nat u rally oc cur ring
radionuclides. There fore, build ing struc tures like ma -
sonry vaults that are made of earthen ma te ri als can
con tain high lev els of nat u ral ra dio iso topes con cen tra -
tion. So far sev eral stud ies dealt with con cen tra tion of
nat u rally oc cur ring radionuclides in the com po si tion
of mod ern com mer cial build ing ma te ri als in the Bal -
kan re gion, among which the most im por tant are pre -
sented in [1-5].
The av er age world wide con cen tra tions of nat u -
rally oc cur ring radionuclides (226Ra, 232Th, and 40K)for
the build ing ma te ri als are 50, 50, and 500 Bq/kg, re -
spec tively [6]. The ex po sure to gamma rays in the in te -
rior of build ings (in door ex po sure) is mainly de ter -
mined by ma te ri als of con struc tion. Ra dium and its
ra dio ac tive prog e nies are pres ent in al most all build -
ings. Ac cord ing to the state ments of the UN Sci en tific
Com mit tee on the Ef fects of Atomic Ra di a tion the in -
door ex po sure to gamma rays is in her ently greater than
out door ex po sure if earth ma te ri als have been used [7].
In door ra di a tion ex po sures de pend, among other
things, on the user oc cu pancy. Ac cord ing to UNSCEAR
Re port and Eu ro pean Com mis sion Re port, the ra di a tion
ex po sure in side build ings (i. e., the air dose ab sorp tion of
gamma ra di a tion from the ground) is roughly 40 %
higher than that of the ex te rior en vi ron ment [7]. Due to
these facts, there is a greater prob a bil ity of ra dio ac tive
ma te ri als pres ence in the vaulted struc tures, at least
higher than that in the fa cade walls. How ever, tra di tional
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build ing ma te ri als have not been sub jected to any sys -
tem atic ex am i na tion. There fore, there is an ev i dent need
to in ves ti gate the ra dio ac tive iso topes ac tiv ity in build ing 
ma te ri als of vaulted struc tures.
The reg u la tions for pro tec tion of vaulted struc -
tures of the me di eval mon u ments for bid the use of
con crete dur ing the res to ra tion, but only the use of
orig i nal nat u ral ma te ri als. It is there fore very im por -
tant to de ter mine the con cen tra tion of ra dio iso topes in
the vaulted struc tures, which are usu ally in te gral parts
of the me di eval in te ri ors.
The aim of this pa per was to de ter mine the ac tiv -
ity con cen tra tion of ra dio iso topes, their in ter nal health 
haz ard in dex, the ab sorbed dose rates and an nual ef -
fec tive doses in cer tain earth ma te ri als of the vaulted
struc tures in or der to de fine the ben e fits of their use for 
the mod ern con struc tion sec tor.
MA TE RI ALS AND METH ODS
Build ing ma te ri als from a large num ber of me di -
eval mon u ments were an a lyzed for ra dio iso tope pres -
ence in their chem i cal com po si tion. These ma te ri als
are the best for this kind of in ves ti ga tion as they have
been in te gral parts of the vaulted struc tures for cen tu -
ries. All ex am ined ma te ri als orig i nate from the arches
and vaults of me di eval mon as ter ies and cit ies on the
ter ri tory of cen tral Bal kan re gion, namely, from the
mon as tery of Studenica (XII cen tury), the mon as tery
of Banjska (XIV cen tury), the mon as tery of Gradac
(XIII cen tury), and the me di eval towns of Kotor (XII
cen tury) and Novo Brdo (XIV cen tury). The ex am ined 
build ing ma te ri als in cluded brick, car bon ate tufa,
brec cia and lime stone.
Four dif fer ent kinds of build ing ma te ri als com -
monly used in me di eval vaulted con struc tions (car -
bon ate tufa, brick, lime stone, and brec cia) were ex am -
ined for their nat u ral ra dio ac tiv ity con cen tra tions,
us ing g-ray spec trom e try. Mea sure ments of ac tiv ity
con cen tra tions of ra dio iso topes were per formed at the
Lab o ra tory of Ra di a tion and En vi ron men tal Pro tec -
tion at the Vin~a In sti tute for Nu clear Sci ences in Bel -
grade. Eight sam ples of four dif fer ent vault ing ma te ri -
als (orig i nat ing from dif fer ent mon as ter ies) were
sub jected to nat u ral ven ti la tion and dried, and then
crushed. The ex am ined sam ples were packed in to the
cy lin dri cal plas tic con tain ers(of 125 ml and 250 ml of
vol ume and in larger “Marinelli” beak ers of 450 ml),
which were then sealed. The mea sure ment ge om e try
de pended on the avail able quan tity of the sam ples.
Gamma spec trom e try was per formed with the
Can berra HPGe (high pu rity ger ma nium) de tec tors D-2
and D-3 with rel a tive ef fi ciency of 23 % and 50 %, re -
spec tively and with an en ergy res o lu tion of 1.8 keV at
1332 keV of 60Co. The mea sure ment time for sam ples
was set to 60000 s. Com puter soft ware GENIE2000 was
used to re cord and ana lyse ob tained spec trum. Back -
ground value was ob tained im me di ately be fore the mea -
sure ments of ra dio iso tope ac tiv ity of the sam ples. The
mea sure ment un cer tainty of each pro ce dure did not ex -
ceed 10% [8-11].
For 226Ra ac tiv ity con cen tra tion, the ac tiv ity of
the  photopeak  of  214Pb  (at en er gies of 295 keV and
352 keV) and 214Bi (at 609 keV, 1120 keV, and 1764
keV) were used. To mea sure 232Th, photopeaks from
228Ac (at the en er gies of 338 keV and 911 keV) were
used. The con cen tra tion of po tas sium 40K ac tiv ity is di -
rectly de ter mined by us ing the photopeak at the en ergy
of 1460 keV. Ac tiv ity of 235U was mea sured from its in -
ten sive line at the en ergy of 186 keV with the cor rec tion
val ues for 226Ra (at the en ergy of 186 keV). Ac tiv ity of
238U is de ter mined by the pres ence of his prog e nies of
234Th (at 63 keV) and 234Pa (at 1000 keV). 
The Eu ro pean Com mis sion set guide lines on the
pro tec tion con cern ing the nat u ral ra dio ac tiv ity of
build ing ma te ri als (RP-112 doc u ment) for the EU
Mem ber States [12]. Pub lic doses in the mem ber states 
should be at the low est pos si ble level. Within this set
of prin ci ples, the con trol on the ra dio ac tiv ity of build -
ing ma te ri als is de fined as well. Con trol is based on the 
dose cri te rion which is de fined as the ex cess ex po sure
caused by build ing ma te ri als. Of ten, it is de ter mined
con sid er ing the gen eral na tional cir cum stances of one
mem ber state. Within the Eu ro pean Un ion, doses ex -
ceed ing 1 mSv per year should be treated from the ra -
dio log i cal pro tec tion point of view. Ac tiv ity In dex or
the gamma-in dex, Iγ, is de ter mined by reg u la tory stan -
dards [12]. Gamma-in dex is de fined as the ac tiv ity of
nat u ral ra dio iso topes which are pres ent in a cer tain
build ing ma te ri als; pri mar ily it is de fined by the pres -
ence of 226Ra, 232Th, and 40K. For the in te rior of the
build ing, the gamma in dex is de ter mined ac cord ing to
the ex pres sion
I C C Cg = + +Ra Th KBq/kg Bq /kg Bq/kg300 200 300
(1)
where CRa, CTh, and CK are the ac tiv ity con cen tra tions
of ra dium, tho rium, and po tas sium, re spec tively (in
the unit of Bq/kg) in build ing ma te ri als [7]. Gamma in -
dex can only be used as a mon i tor ing tool for iden ti fy -
ing ma te ri als that can be used as build ing ma te ri als.
In re la tion to the ex emp tion doses of 0.3 mSv per 
year and of 1 mSv per year, the gamma-in dex should
not ex ceed the limit val ues given by the prin ci ples
which are sug gested by the Eu ro pean Com mis sion,
pre sented in tab. 1 [12, 13].
Ex cess al pha ra di a tion is caused by the in ha la tion
of ra dio iso topes orig i nat ing from build ing ma te ri als.
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Ta ble 1. Lim its of the ac tiv ity con cen tra tions in dex [12]
Dose cri te rion 0.3 mSvper year
1 mSv
per year
Ma te ri als used in bulk amounts I ≤ 0.5 I ≤ 1
Su per fi cial and other ma te ri als I ≤ 2 I ≤ 6
Ra di a tion haz ards for re spi ra tory or gans due to in flu -
ence of the ex cess al pha ra di a tion in the in door space of
one build ing are de ter mined by the in ter nal health haz -
ard in dex. The value of the in ter nal health haz ard in dex
is cal cu lated ac cord ing to the ex pres sion [14]
H C C Cin Ra Th KBq /kg Bq /kg Bq /kg
= + +
185 259 4810
(2)
where CRa, CTh, and CK are the ac tiv ity con cen tra tions
of ra dium, tho rium, and po tas sium in build ing ma te ri -
als, re spec tively, in Bq/kg. Value of in ter nal haz ard in -
dex must be less than the unity for build ing ma te ri als.
An es ti ma tion of in door ab sorbed dose rate due to
gamma-ray emis sion in the build ing ma te ri als was ob -
tained from the known con cen tra tions of nat u ral ra dio -
iso topes 226Ra, 232Th, and 40K. The value of the spe cific
in door ab sorbed dose rate is ex pressed in Gy/h, and it is
cal cu lated us ing the equa tion pro posed by [15]
D A A AR Ra Th K= + +092 110 008. . . (3)
where ARa, ATh, and AK are the ac tiv ity con cen tra tions
of nat u ral ra dio iso topes in build ing ma te ri als.
The re sults cal cu lated for the es ti ma tion of the
ab sorbed dose rates are used for the cal cu la tion of the
an nual ef fec tive dose, which is ob tained by us ing the
fol low ing ex pres sion [15]
E Deff R Sv/Gy conversion factor
h
= ⋅ ⋅
⋅ ⋅
−
07
70127 10 6
. ( )
. (4)
In the eq. (4), a value of 0.7 was used as the con -
ver sion fac tor from ab sorbed dose re ceived by adults,
while the value of 7012.7 h is de ter mined as the an nual
ex po sure time (which means that 80 % of time is spent
in doors) [15].
RE SULTS AND DIS CUS SION
The pres ence of nat u ral ra dio iso topes 210Pb,
238U, and 235U, 226Ra, 232Th, and 40K was most no tice -
able in ma te rial sam ples which come from vaults and
arches of me di eval churches and for ti fi ca tions, while
the ac tiv ity con cen tra tion of man-made iso tope 137Cs
is neg li gi ble. Ob tained ra dio iso topes ac tiv ity con cen -
tra tion along with the gamma in dex value is shown in
the tab. 2.
The con cen tra tion of ra dio ac tive sub stances in
the ex am ined build ing ma te ri als cor re sponds to their
con cen tra tion in the soil, i. e., to the geo log i cal com po -
si tion of the soil from which they de rive. Cer tain small
con cen tra tions of the man-made ra dio iso tope 137Cs
were reg is tered in the sam ples which are caused by the
ex po sure of cer tain sam ples of vaults and arches to the
at mo spheric in flu ences for sev eral de cades. It is ob vi -
ous that the small pres ence of the ra dio iso tope 137Cs in
these sam ples is a re sult of the Chernobyl ac ci dent to
the to tal ra dio ac tiv ity in the at mo sphere above these
geo graphic lo ca tions, as is the case at the other his toric
mon u ments in the world [16].
The av er age val ues of ac tiv ity con cen tra tion for
226Ra, 232Th, and 40K in the build ing ma te ri als which are
used in the world should not ex ceed the val ues 50 Bq/kg
(for ra dium), 50 Bq/kg (for tho rium), and 500  Bq/kg (for
po tas sium) [17]. By com par ing these val ues with the re -
sults shown in tab. 2, it can be con cluded that the con cen -
tra tion of ra dio iso topes in me di eval ma te ri als does not
ex ceed the av er age val ues pre scribed by the rec om men -
da tions of UNSCEAR, ex cept when it co mes to the con -
cen tra tion of 40K in the me di eval bricks. The pres ence of
po tas sium 40K does not rep re sent any pos si ble ra dio log i -
cal risks to hu man health be cause the con cen tra tion of
40K is in a homeostatic bal ance with other iso topes of po -
tas sium in na ture. By com par ing the value of gamma-in -
dex with rec om mended val ues, it can be seen from tab. 2,
that all the an a lyzed ma te ri als meet the cri te ria of the rec -
om mended an nual doses so they can be used as build ing
ma te ri als in pres ent time.
The com par i son of the ac tiv ity con cen tra tions
for the ra dio iso topes ob tained in this pa per and con -
cen tra tions in the mod ern build ing ma te ri als which are 
ap plied through out the Bal kans is of spe cific im por -
tance. The com par i son of ac tiv ity con cen tra tions in
me di eval and mod ern brick prod ucts shows the equal
val ues for the con cen tra tion of nat u ral ra dio iso topes
226Ra, 232Th, and 40K [2, 16]. Com par ing the ra dio iso -
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Ta ble 2. Ac tiv ity con cen tra tion of the ra dio iso topes in the arch and vaults sam ples of the me di eval churches
and ur ban ag glom er a tions in the ter ri tory of cen tral Bal kan re gion
Ma te rial Lo ca tion
Ac tiv ity con cen tra tion of the ra dio iso topes [Bqkg–1] Gama-in dex
210Pb 238U 235U (235U/238U) 226Ra 232Th 40K 137Cs Ig
1 Brick Banjska 23 ± 5 44 ± 5 2.1 ± 0.2 (0.048) 37 ± 3 49 ± 4 800 ± 50 <0.08 0.635
2 Car bon ate tufa Banjska 4 ± 1 5 ± 1 0.22 ± 0.06 (0.047) 2.3 ± 0.5 1.7 ± 0.4 31 ± 3 <0.07 0.027
3 Breccia Novo Brdo <8 27 ± 7 1.4 ± 0.2 (0.053) 22 ± 2 33 ± 3 460 ± 30 <0.06 0.392
4 Brick Novo Brdo 36 ± 5 45 ± 5 2.0 ± 0.2 (0.045) 42 ± 3 40 ± 3 840 ± 50 <0.08 0.62
5 Car bon ate tufa Studenica 19 ± 5 7 ± 2 0.31 ± 0.05 (0.041) 1.9 ± 0.4 1.7 ± 0.4 15 ± 2 0.18 ± 0.06 0.02
6 Brick Studenica 31 ± 6 37 ± 8 1.6 ± 0.3 (0.042) 36 ± 4 42 ± 4 540 ± 40 <0.1 0.51
7 Lime stone Kotor <8 <4 <0.1 2.4 ± 0.4 2.4 ± 0.4 25 ± 3 <0.06 0.03
8 Car bon ate tufa Gradac 5 ± 1 6 ± 1 0.28 ± 0.04 (0.047) 6.4 ± 0.7 <0.4 7 ± 1 0.32 ± 0.09 0.314
tope ac tiv ity con cen tra tions in stone used for the con -
struc tions of me di eval arches and vaults to the con cen -
tra tion in stone used in the con tem po rary ar chi tec ture
[4, 16], shows that the ac tiv ity con cen tra tion of 226Ra,
232Th, and 40K in the me di eval ages was sig nif i cantly
lower. The choice of a car bon ate tufa and lime stone for 
the con struc tions of arch and vault con trib uted to the
re duced con cen tra tion of ra dio iso topes in the Mid dle
Ages in re la tion to the con tem po rary vaulted sur faces
where mar ble and gran ite are com monly used for this
kind of con struc tions. In ad di tion, all the me di eval ma -
te ri als ex am ined in this pa per showed equal or lower
con cen tra tion of ra dio iso tope ac tiv ity than is the case
with the ma te ri als used for con tem po rary vaulted
struc tures [3, 18].
Cal cu lated re sults for the in ter nal health haz ard
in dexes of sep a rate ma te ri als, as well as for the ab -
sorbed dose rates and for the an nual ef fec tive dose
rates are given in tab. 3, while in tab. 4, the ac tiv ity
con cen tra tion of the ra dio iso topes in the con tem po -
rary build ing ma te ri als is pre sented.
Ac cord ing to the re sults given in tab. 3, it can be
seen that the val ues of the in ter nal haz ard in dex in me di -
eval ma te ri als do not ex ceed the value of 1, so that all
these ma te ri als can be used in the con tem po rary ar chi tec -
ture as build ing ma te ri als. Ac cord ing to the
UNSEAR2000 re port, the cor re spond ing world wide av -
er age val ues for the ab sorbed gamma dose rate in the in -
te rior of build ings range from 20 to 200 nGy/h with a
pop u la tion-weighted av er age of 84 nGy/h. By com par -
ing these val ues with the re sults shown in tab. 4, it can be
seen that the val ues of the ab sorbed dose rates in the me -
di eval ma te ri als do not ex ceed the rec om mended up per
limit val ues given by the UNSCEAR re port and Eu ro -
pean Com mis sion re port. The max i mum val ues were ob -
tained for the ma te ri als that are most sim i lar to the chem i -
cal com po si tion of the soil – as in the case of the bricks
from the mon as ter ies of Studenica, Banjska and the town
of Novo Brdo, as well as with the brec cias from Novo
Brdo. High lev els of the ab sorbed dose rates for these
ma te ri als are caused by high con cen tra tions of nat u ral ra -
dio iso tope 40K in their com po si tion.
The av er age val ues of the an nual ef fec tive dose
rates in most of me di eval ma te rial are sig nif i cantly
lower than a value of 1 mSv which rep re sents the up per
limit for the ba sic ma te ri als used in build ing con struc -
tion. This cir cum stance is par tic u larly re lated to those
types of stone that were used for the con struc tion of
arches and vaults. Higher lev els of an nual ef fec tive
doses are re corded in the case of bricks from the mon as -
ter ies of Studenica and Banjska and Novo Brdo as well
as in brec cia from Novo Brdo, which is again caused by
the con cen tra tion of 40K in their chem i cal com po si tion.
The re la tion ship be tween the ac tiv ity con cen tra -
tion val ues and the gamma in dexes of ra dio iso topes
from the ma te ri als an a lyzed in this pa per and the ma te -
rial sam ples from other his tor i cal sites in the world [16,
20] is as it has been ex pected. This com par i son con -
firms that the ac tiv ity con cen tra tions of the nat u ral ra -
dio iso topes in the tra di tional build ing are within the
range or be low the av er age val ues that can be reg is tered
in the con tem po rary world wide build ing ma te ri als.
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Ta ble 3. The in ter nal haz ard in dex, the ab sorbed dose rates and the an nual ef fec tive doses
Ma te rial Lo ca tion Hin DR [nGyh–1] Eeff [mSv]
1 Brick Banjska 0.555509 151.94 0.745857
2 Car bon ate tufa Banjska 0.025441 6.466 0.031741
3 Brec cia Novo Brdo 0.341966 93.34 0.458196
4 Brick Novo Brdo 0.556103 149.84 0.735548
5 Car bon ate tufa Studenica 0.019952 4.818 0.023651
6 Brick Studenica 0.469023 122.52 0.601437
7 Lime stone Kotor 0.027437 6.848 0.033616
8 Car bon ate tufa Gradac 0.037594 6.888 0.033812
Ta ble  4. The ac tiv ity con cen tra tion of the ra dio iso topes in the con tem po rary build ing ma te ri als for the con struc tions of
the vaults and arches in the ter ri tory of the Bal kan re gion
Ma te rial The coun try of or i gin
Ac tiv ity con cen tra tion of the ra dio iso topes [Bqkg–1]
Ref.238U 235U 226Ra 232Th 40K
1 Brick Greece 35 ± 11 – – 45 ± 15 710 ± 165 [17]
2 Ce ramic el e ments Greece – – 46 ± 2 1.7 ± 0.4 31 ± 3 [2]
3 Mar ble Mac e do nia – – 46 ± 2 32 ± 1 945 ± 50 [2]
4 Mar ble Greece – – 63 ± 3 32 ± 2 770 ± 20 [2]
5 Mar ble Bul garia – – 26.1 ± 0.2 24 ± 1 1400 ± 70 [2]
6 Lime stone Tur key – – 20.2 5.0 55.0 [4]
7 Lime stone Greece – – 14 ± 6 1.6 ± 0.5 – [3]
8 Pum ice stone Greece up to 715 – 50-874 54-60 1048-1158 [19]
CON CLU SIONS
Eight me di eval build ing ma te rial sam ples, used
for the vaulted struc tures of churches and for
tifications, were ex am ined in the pa per. Ac tiv ity con -
cen tra tions in the an a lyzed ma te ri als do not ex ceed the
world rec om mended av er age val ues, ex cept in the
case of 40K, the con cen tra tion of which is in the
homeostatic bal ance with other iso topes of po tas sium
in the liv ing or gan isms. The man-made ra dio iso tope
137Cs con cen tra tion is neg li gi ble in the re sults. The
max i mum val ues were reg is tered for the ma te ri als
which are most sim i lar to the chem i cal com po si tion of
the soil from which they orig i nate (which is es pe cially
the case with the me di eval bricks and brec cias from
Novo Brdo), and which is also the con se quence of
high con cen tra tion of nat u ral ra dio iso tope 40K. The
min i mum val ues for the above men tioned sam ples
were re corded in the case of com pact lime stone from
Kotor.
The cal cu lated ac tiv ity con cen tra tion in dex val -
ues for all the ex am ined tra di tional ma te rial sam ples
were lower than or equal to the rec om mended ex cep -
tion lim its for ex po sure to in door g-ra di a tion. It was
con cluded that all ma te ri als which had been used in the 
con struc tion of arches and vaults in side the me di eval
ob jects do not pose a sig nif i cant ra dio log i cal haz ard
when used in mod ern vaulted con struc tions. There -
fore, the tra di tional ma te ri als can be ap plied with a
high de gree of cer tainty even in the con tem po rary ar -
chi tec ture. The max i mum val ues of the in ter nal haz ard 
in dexes, the in ten sity of the ab sorbed dose rates and of
the an nual ef fec tive doses do not ex ceed the rec om -
mended ex cep tion lim its spec i fied by the in ter na tional
UNSCEAR reg u la tions.
Based on the anal y sis, it can be con cluded that in
com par i son to the mod ern build ing ma te ri als, the tra -
di tional ma te ri als re duce the dose rate val ues that peo -
ple re ceive. At the same time, the ma te ri als used for
arches and vaults in me di eval ar chi tec ture can still be
used in the con tem po rary ar chi tec tural de sign and the
res to ra tion of older build ings in or der to im prove the
en vi ron men tally sus tain able ar chi tec ture.
AC KNOWL EDGE MENT
The Min is try of Ed u ca tion, Sci ence and Tech no -
log i cal De vel op ment of the Re pub lic of Ser bia sup -
ported this work un der con tracts 171007 and 43009.
For the ex am i na tion of sam ples of the me di eval
build ing ma te ri als the ap prov als were ob tained from
the rep re sen ta tives of the rel e vant in sti tu tions for pro -
tec tion of cul tural mon u ments. On this oc ca sion, the
au thors would like to ex press their grat i tude to the rel -
e vant rep re sen ta tives for all the help pro vided in us ing
the sam ples col lected from the sites in the pe riod from
2011 to 2014. A spe cial grat i tude is ad dressed to the ar -
chi tect S. Barisi} (from the In sti tute for the Pro tec tion
of Cul tural Mon u ments (Ser bia)), the ar chi tect D.
Todorovi} (from the same in sti tu tion) and to the ar chi -
tect Z. ^ubrovi} (from the for mer Re gional In sti tute
for Pro tec tion of Cul tural Mon u ments in Kotor
(Montenegro)). All the sam ples were ex tracted from
the arches and vaults dur ing the pre vi ous res to ra tions
of the men tioned mon u ments in or der to be re placed
by other voussoirs, so the orig i nal spec i mens were
avail able for test ing. It should be men tioned that some
of the sam ples were po si tioned for some time within
cov ered pro tec tive struc tures at the sites of me di eval
mon as ter ies and for tresses prior to their use for the
pur poses of this pa per and that they were ex posed to
some ex tent to the at mo spheric in flu ence.
AU THORS' CONTRIBUTIONS
All au thors per formed the o ret i cal anal y sis and
lit er a ture re search. Ex per i ments were car ried out by I.
S. Bjeli}, D. J. Todorovi}, and J. D. Krneta-Nikoli}.
The ta bles were pre pared by I. S. Bjeli}. All au thors
an a lyzed and dis cussed the re sults. The manu script
was writ ten by all au thors.
REF ER ENCES
[1] G. Panteli}, et al., Mea sure ment of Ra dio ac tiv ity in
Build ing Ma te ri als in Ser bia, Jour nal of
Radioanalytical and Nu clear Chem is try, 303 (2015), 3,
pp. 2517-2522
[2] Krsti}, D., et al., Ra dio ac tiv ity of Some Do mes tic and 
Im ported Build ing Ma te ri als from South East ern Eu -
rope, Radiat. Meas., 42 (2007), 10, pp. 1731-1736
[3] Papaefthymiou, H., Gouseti, O., Nat u ral Ra dio ac tiv -
ity and As so ci ated Ra di a tion Haz ards in Build ing Ma -
te ri als Used in Peloponnese, Greece, Radiat. Meas.,
43 (2008), 8, pp. 1453-1457
[4] Turhan, S., Ra dio ac tiv ity Lev els of Lime stone and
Gyp sum Used as Build ing Raw Ma te ri als in Tur key
and Es ti ma tion of Ex po sure Doses, Ra di a tion Pro tec -
tion Do sim e try, 140 (2010), 4, pp. 402-407
[5] Uji}, P., et al., In ter nal Ex po sure from Build ing Ma te -
ri als Ex hal ing 222Rn and 220Rn as Com pared to Ex ter -
nal Ex po sure Due to Their Nat u ral Ra dio ac tiv ity
Con tent., Appl. Radiat. Isot., 68 (2010), 1, pp.
201-206
[6] ***, En hanced Ra dio ac tiv ity of Build ing Ma te ri als,
Ra di a tion Pro tec tion 96, EC Doc u ment, Luxemburg,
1999
[7] ***, UNSCEAR 2000 United Na tions Sci en tific
Com mit tee on the Ef fects of Atomic Ra di a tion, Re -
port to the Gen eral As sem bly, Vol. I: Sources
UNSCEAR Sec re tar iat, Vi enna In ter na tional Cen tre
[8] Petrovi}, M., et al., Dose As sess ment from Do mes tic
Build ing Ma te ri als Used in Hous ing Sec tor in Ser bia,
Ra di a tion Pro tec tion Do sim e try, 162 (2014), 1-2, pp.
2-5
[9] Stankovi}, K., Osmokrovi}, P., The Model for Cal cu -
lat ing the Type a Mea sure ment Un cer tainty of GM
Coun ters from the As pect of De vice Min ia tur iza tion,
IEEE Trans ac tions on Nu clear Sci ence, 61 (2014), 3,
pp. 1316-1325
[10] Kova~evi}, A., et al., Un cer tainty Eval u a tion of the
Con ducted Emis sion Mea sure ments, Nucl Technol
Radiat, 28 (2013), 2, pp. 182-190
I. S. Bjeli}, et al.: Nat u ral Ra dio ac tiv ity Level in Ma te ri als Used for Me di eval ...
188 Nu clear Tech nol ogy & Ra di a tion Pro tec tion: Year 2016, Vol. 31, No. 2, pp. 184-189
[11] Kova~evi}, A., et al., The Com bined Method for Un -
cer tainty Eval u a tion in Elec tro mag netic Ra di a tion
Mea sure ment, Nucl Technol Radiat, 29 (2014), 4, pp.
279-284
[12] ***, Ra dio log i cal Pro tec tion Prin ci ples Con cern ing
the Nat u ral Ra dio ac tiv ity of Build ing Ma te ri als, Ra -
di a tion Pro tec tion Re port RP-112, Eu ro pean Com -
mis sion, Lux em bourg, 1999
[13] ***, Rulebook on Lim its of Ra dio iso topes Con tent in
Drink ing Wa ter, Food stuffs, Feed ing Stuffs, Med i -
cines, Prod ucts for Gen eral Use, Con struc tion Ma te ri -
als and other Goods That Are Put on Mar ket (Of fi cial
Ga zette RS 86/11 and 97/13, from 18.11.2011 and
6.11.2013)
[14] Ahmed, N. K., Mea sure ment of Nat u ral Ra dio ac tiv ity 
in Build ing Ma te ri als in Qena City, Up per Egypt,
Jour nal of En vi ron men tal Ra dio ac tiv ity, 83 (2005), 1,
pp. 91-99
[15] ***, UNSCEAR, 1988, United Na tions Sci en tific
Com mit tee on the Ef fects of Atomic Ra di a tion.
Sources and Ef fects of Ion iz ing Ra di a tion. New York,
1988
[16] Nikoli}, J.,  et al., Con tent of Nat u rally Ocurring
Radionuclides in Sam ples Taken from World His tor i -
cal Sites, Pro ceed ings, 26th Simposium of the So ci ety
for Ra di a tion Pro tec tion of Ser bia and Montenegro (in 
Ser bian), 2011, pp. 60-64
[17] ***, UNSCEAR, United Na tions Sci en tific Com mit -
tee on the Ef fects of Atomic Ra di a tion. Sources and
Ef fects of Ion iz ing Ra di a tion. New York, 1993
[18] Stoulos, S., Manolopoulou, M., Papastefanou, C., As -
sess ment of Nat u ral Ra di a tion Ex po sure and Ra don
Ex ha la tion from Build ing Ma te ri als in Greece, J. En -
vi ron. Radioact., 69 (2003), 3, pp. 225-240
[19] Petropoulos, N. P., Anagnostakis, M. J., Simopoulos
S. E., Build ing Ma te ri als Pho ton At ten u a tion, Nat u ral
Ra dio ac tiv ity Con tent and Ra don Ex ha la tion Rate,
Ra don in the Liv ing En vi ron ment, Ath ens, Greece,
April 19-23, 1999, pp. 1057-1068
[20] Esposito, M., et al., Sur vey of Nat u ral and
Athropogenic Ra dio ac tiv ity in En vi ron men tal Sam -
ples from Yougoslavia, Jour nal of En vi ron men tal Ra -
dio ac tiv ity, 61 (2002), 3, pp. 271-282
Re ceived on Feb ru ary 25, 2016
Ac cepted on April 29, 2016
I. S. Bjeli}, et al.: Nat u ral Ra dio ac tiv ity Level in Ma te ri als Used for Me di eval ...
Nu clear Tech nol ogy & Ra di a tion Pro tec tion: Year 2016, Vol. 31, No. 2, pp. 184-189 189
Igor S. BJELI], Dragana J. TODOROVI], Jelena D. KRNETA-NIKOLI],
\or|e R. LAZAREVI], Koviqka \. STANKOVI]
NIVO  PRIRODNE  RADIOAKTIVNOSTI  U  MATERIJALIMA
KORI[]ENIM  ZA  PRESVO\AVAWE  SREDWOVEKOVNIH
SPOMENIKA  NA  TERITORIJI  CENTRALNOG  BALKANA
U ovom radu prikazani su rezultati ispitivawa nivoa prirodne radioaktivnosti u
tradicionalnim gra|evinskim materijalima kori{}enim za presvo|avawe sredwovekovnih
manastira na teritoriji centralnog Balkana. Izlagawe zra~ewu u zatvorenom prostoru dosta
varira ako poti~e iz zemqanih gra|evinskih materijala, tako da je u radu primenom gama
spektrometrije analizirano prisustvo prirodnih radioizotopa 226Ra, 232Th i 40K u konstrukcijama
za presvo|avawe. Pored toga, ispitani su i unutra{wi haz ard indeks, apsorbovana doza i godi{wa
efektivna doza. Dobijeni rezultati upore|eni su sa podacima o materijalima istorijskih
spomenika teritorije centralnog Balkana i sveta. Na osnovu toga izvedeni su zakqu~ci o nivou
radioaktivnosti u starim i modernim gra|evinskim materijalima centralnog Balkana.
Kqu~ne re~i: prirodna radioaktivnost, gra|evinski materijal, sredwovekovni svod, Bal kan,
..........................gama spektrometrija
